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Introduction {#sec001}
============

Protection against functional damage (i.e., disease tolerance) represents a strategy that allows hosts to survive infection at minimum cost \[[@ppat.1005947.ref001]\]. This strategy is successful against diseases caused by pathogens the immune system cannot eliminate and explains why individuals with similar pathogen burdens can present varying disease gravities \[[@ppat.1005947.ref002]\]. The mechanisms underlying disease tolerance include activation of molecular pathways that are involved in tissue repair, fuel-sensing/energy production, and antioxidant defenses \[[@ppat.1005947.ref001]\].

Activation of SIRT1 and AMPK fuel-sensing pathways contributes to cardioprotection \[[@ppat.1005947.ref003]\]. Drugs that activate these pathways, such as resveratrol and metformin, can extend the healthspan of most organisms. Resveratrol, a polyphenol present in grapes, decreases ischemia-reperfusion injury of the heart, prevents atherosclerosis and interferes with Ca^2+^ handling by cardiomyocytes \[[@ppat.1005947.ref004], [@ppat.1005947.ref005]\], restoring heart contractility in cardiomyopathies and acting as an anti-arrhythmic drug \[[@ppat.1005947.ref006]--[@ppat.1005947.ref009]\]. Some of its cardioprotective effects have been attributed to its antioxidant properties, exerted by activation of the antioxidant-defense gene Nrf2, increased expression of mitochondrial SOD2, inhibition of NOX2 and NOX4 expression, and direct ROS scavenging \[[@ppat.1005947.ref004], [@ppat.1005947.ref010]\].

The protozoan *Trypanosoma cruzi* infects many tissues, including the heart, and causes Chagas disease in humans. Shortly after infection, the parasite proliferates, causing acute systemic inflammation. After this initial stage, the host's adaptive immune system controls parasite burden and patients progress to a non-symptomatic stage, but the parasite is never eliminated. Most patients remain non-symptomatic, but 30% develop heart dysfunctional disease, which affect millions of people worldwide \[[@ppat.1005947.ref011], [@ppat.1005947.ref012]\].

Much as observed in humans, the hearts of rats and mice undergo severe oxidative stress in the course of experimental Chagas disease. Both NOX2 \[[@ppat.1005947.ref013]\] and mitochondrial derived-ROS \[[@ppat.1005947.ref014]\] contribute to produce oxidative damage in Chagas heart disease. Neutralization of oxidative stress since day 0 of infection prevents chronic contractile dysfunction \[[@ppat.1005947.ref015]\], but once established, no treatment has been shown to reverse heart dysfunction in Chagas disease. Several attempts to reverse the loss of heart contractility and arrhythmias in CCC targeted either parasite burden or immune response, obtaining little success \[[@ppat.1005947.ref015]--[@ppat.1005947.ref020]\]. Recently, the BENEFIT clinical trial on the effects of the trypanocidal drug benznidazole on CCC failed to prevent cardiac deterioration, despite greatly reducing parasite load \[[@ppat.1005947.ref021]\]. Treatment to CCC remains restricted to those transposed from other cardiomyopathies, doing little to decrease morbidity. The current paradigm dictates that structural damage to heart at the chronic stage impairs its function \[[@ppat.1005947.ref022]\] and most attempts to reverse disease aim at re-building the heart with stem cells \[[@ppat.1005947.ref023]\].

We have previously shown that oxidative stress fuels *T*. *cruzi* acute infection \[[@ppat.1005947.ref024], [@ppat.1005947.ref025]\]. Although a number of cardiomyopathies are known to be dependent on oxidative stress \[[@ppat.1005947.ref026]\], the case for Chagas heart disease remains obscure. Here we used the antioxidant and cardioprotective agent resveratrol to test a novel, host-targeted strategy against established Chagas heart disease: promoting disease tolerance by tuning heart physiology to a healthy pattern. As our data reveal, treatment with resveratrol greatly improves electrical and contractile activities in Chagas heart disease, while activating AMPK pathway, reducing parasite burden and oxidative stress. The general picture that emerges from this study is that despite all tissue damage, there is a relevant physiological dysfunction in established Chagas heart disease which can be reversed to improve cardiac function, opening a new perspective for Chagas disease therapy.

Results {#sec002}
=======

Resveratrol reverses most aspects of functional Chagas heart disease in mice {#sec003}
----------------------------------------------------------------------------

Murine models of Chagas disease do not usually present an indeterminate, silent stage, as happens in humans, and rather undergo a smooth transition from acute to chronic stage. We have chosen a model of infection with the Colombian strain of *T*. *cruzi*, which has been isolated from a patient in Colombia \[[@ppat.1005947.ref027]\] and has been used in many functional heart studies in the last 25 years \[[@ppat.1005947.ref016], [@ppat.1005947.ref028], [@ppat.1005947.ref029]\]. At 60 dpi, BALB/c infected with Colombian *T*. *cruzi* strain often present sinoatrial block, atrial abnormalities (atrial enlargement/ interatrial block), second-degree atrioventricular block, sinus arrhythmia, bradycardia, prolonged QTc interval, right ventricle dilation and moderately decreased left ventricular ejection fraction (LVEF), and mostly resembles the B1-B2 (NYHA class II) of human CCC \[[@ppat.1005947.ref022], [@ppat.1005947.ref030]\].

To test whether resveratrol is effective against established Chagas disease, we infected the highly susceptible BALB/c mice with the type I Colombian strain of *T*. *cruzi* and performed individual electrocardiography (ECG) and echocardiography studies before starting the treatment with resveratrol at 15 mg/Kg i.p. (at 60 days post-infection) and after treatment cycle was complete, at 90 days post-infection (dpi). Intraperitoneal route was chosen in order to increase the bioavailability of resveratrol \[[@ppat.1005947.ref031]\]. In side studies, we tested 5 mg/Kg without success, while treatment with 10 mg/Kg presented promising results.

At 90 dpi, infected mice treated with resveratrol (RSV group) had faster heart rate and shorter P wave duration, PR, and QT intervals when compared to infected mice treated with vehicle (VEH group, [Fig 1A](#ppat.1005947.g001){ref-type="fig"}, right graphs in [Fig 1B, 1C, 1D and 1F](#ppat.1005947.g001){ref-type="fig"}). Non-infected controls (NI) are provided for comparison. Treatment with resveratrol shortened P wave duration, PR and QTc intervals, and increased individual heart rates during the interval from 60--90 dpi (left graphs in [Fig 1B, 1C, 1D and 1F](#ppat.1005947.g001){ref-type="fig"}). On the other hand, vehicle did not significantly change P wave duration (left graphs in [Fig 1C](#ppat.1005947.g001){ref-type="fig"}) and did not stop the progression towards even longer PR and QTc intervals and increasing bradycardia (left graphs in [Fig 1D, 1F and 1B](#ppat.1005947.g001){ref-type="fig"}). ECG intervals did not differ between infected non-treated and infected vehicle-treated mice ([S1A Fig](#ppat.1005947.s001){ref-type="supplementary-material"}). Similar beneficial results were obtained with peroral administration of a higher dose of resveratrol ([S2 Fig](#ppat.1005947.s002){ref-type="supplementary-material"}, 40 mg/Kg).

![Resveratrol reverses ECG abnormalities in mice chronically infected with *T*. *cruzi*.\
Mice were individually identified, infected with Colombian-strain and treated with either resveratrol (RSV) or vehicle (VEH) from 60--90 dpi. Non-infected (NI) mice were kept as controls. (A), Representative tracings for each group at 90 dpi. (B-F), Left: evolution of ECG intervals for each individual mouse during the 60--90 dpi period. P-range is shown for paired comparisons. The gray shade represents the range of values for NI. Right: the ECG intervals at 90 dpi. P-range is shown for the unpaired comparisons. (G)**,** Representative ECG tracings for 3 individual mice per group before and after treatment. Note that atrial and atrioventricular conduction disorders (intra-atrial/ interatrial block, AIb, \#1,\#4), sinoatrial block (SAb, \#2,\#5), and second-degree atrioventricular block (AVb2, \#3,\#6), subsided in response to resveratrol, but not in response to vehicle. (H), incidence of sinus arrhythmia (SA, left) and atrial/ atrioventricular conduction disorders (right): sinoatrial block (SAb), intra-atrial/ interatrial block (IAb), and second-degree atrioventricular block (AVb2). Mice were pooled from six independent experiments (NI n = 46; VEH n = 49; RSV n = 47). Error bars indicate mean±SEM. \*, different from NI; §, different from VEH. P range: \*, § P≤0.05, \*\* §§, P\<0.01, \*\*\* §§§ ¥¥¥, P\<0.005](ppat.1005947.g001){#ppat.1005947.g001}

[Fig 1G](#ppat.1005947.g001){ref-type="fig"} displays representative ECG tracings for a non-infected control and 3 infected individuals before and after treatment with vehicle (\#1--3) or resveratrol (\#4--6). In the VEH group, incidence of sinus arrhythmia remained unchanged after treatment ([Fig 1H](#ppat.1005947.g001){ref-type="fig"}). In contrast, treatment with resveratrol led to a 35% decrease in the percentage of sinus arrhythmia-affected mice (16 SA-free animals out of 45 previously affected). Treatment with resveratrol also produced a 49% decrease in the percentage of infected mice affected by atrial and atrioventricular conduction disorders (sinoatrial block, intra-atrial/ interatrial block, or second-degree atrioventricular block): 23 free animals out of 47 previously affected, while infected vehicle-treated mice had persistent abnormalities ([Fig 1H](#ppat.1005947.g001){ref-type="fig"}). At 90 dpi (post-treatment), the incidence of conduction disorders was far greater among VEH than among RSV animals. Among RSV, 15/47 (31%) mice presented normal ECG profiles after treatment, while among VEH 48/48 (100%, p\<0.0001) presented sinus arrhythmia, atrial and/ or atrioventricular conduction disorders.

Resveratrol instantly reversed ischemia-reperfusion arrhythmias ex vivo \[[@ppat.1005947.ref006]\]. However, in our model, short-term treatment (20 h) did not present benefits on heart electrical function ([S3A Fig](#ppat.1005947.s003){ref-type="supplementary-material"}). Treatment prorogation until 120 dpi maintained the benefits of resveratrol over vehicle on the heart electrical cycle ([S3B Fig](#ppat.1005947.s003){ref-type="supplementary-material"}).

We used echocardiography to assess heart pumping efficiency. In previous studies, B-mode images were found to be more adequate to assess the geometry of chagasic hearts \[[@ppat.1005947.ref032]\]. Before treatment (60 dpi), infected mice (INF) presented decreased left ventricle ejection fraction (LVEF), stroke volume, and cardiac output ([Fig 2A](#ppat.1005947.g002){ref-type="fig"}), as well as dilated RV when compared with NI ([S4A Fig](#ppat.1005947.s004){ref-type="supplementary-material"}). After treatment (90 dpi), VEH presented decreased LVEF on average, while RSV presented normal values ([Fig 2A](#ppat.1005947.g002){ref-type="fig"}). Stroke volume and cardiac output were significantly improved in RSV compared to VEH animals.

![Resveratrol reverses heart-pumping dysfunction in mice chronically infected with *T*. *cruzi*.\
(A) *Upper panel*: echocardiography comparing heart function of non-infected (NI) and infected (INF) mice at 60 dpi (before treatment). Left ventricle ejection fraction (LVEF), left ventricle stroke volume and cardiac output. NI (n = 4), INF (n = 14), pooled from two independent experiments. *Lower panel*: at 90 dpi (after treatment): similar heart function parameters are shown for infected mice treated with vehicle (VEH, n = 20), resveratrol (RSV, n = 20) or for non-infected mice (NI, n = 23), pooled from three independent experiments. (B) Similar parameters shown for mice treated from 120 to 160 dpi, at 170 dpi. NI (n = 5), VEH (n = 5), RSV (n = 7), Bzd (n = 6). \*, different from NI; §, different from VEH, ¥, different from resveratrol. P range: \* § ¥, P≤0.05, \*\* §§, P\<0.01, \*\*\* §§§, P\<0.005](ppat.1005947.g002){#ppat.1005947.g002}

Heart geometry changed in response to treatment. At 90 dpi, RV area was increased in VEH compared to NI mice, but treatment with resveratrol reversed RV dilation ([S4A Fig](#ppat.1005947.s004){ref-type="supplementary-material"}). A transient decrease in LV area was found in all infected groups compared with NI mice at 90 dpi, similar to other models \[[@ppat.1005947.ref033], [@ppat.1005947.ref034]\], an effect no longer present at 120 dpi ([S4 Fig](#ppat.1005947.s004){ref-type="supplementary-material"}). VEH did not significantly differ from non-treated infected mice concerning heart geometry ([S1C Fig](#ppat.1005947.s001){ref-type="supplementary-material"}).

Even when mice were treated late after infection (120 dpi) with resveratrol for 40 days, they reacted positively to treatment, regaining a normal LVEF ([Fig 2B](#ppat.1005947.g002){ref-type="fig"}) and presenting reduced right ventricle dilation at 170 dpi ([S4B Fig](#ppat.1005947.s004){ref-type="supplementary-material"}). On the other hand, treatment with the trypanocidal drug benznidazole for 40 days starting at 120 dpi was not capable of improving LVEF ([Fig 2B](#ppat.1005947.g002){ref-type="fig"}) or reducing right ventricle dilation ([S4B Fig](#ppat.1005947.s004){ref-type="supplementary-material"}). Although treatment with resveratrol starting at 120 dpi failed to reduce P wave duration and QRS interval (which was prolonged at 170 dpi), it also promoted normal heart rates, decreased PR and QTc intervals ([S5 Fig](#ppat.1005947.s005){ref-type="supplementary-material"}). Together, these results indicate that even when started late, treatment with resveratrol can still be beneficial to heart function.

Altogether, these results indicate that treatment with resveratrol has a profound beneficial effect on the cardiac function of mice with established Chagas disease, being able to partially reverse both contractile and electrical dysfunctions.

Resveratrol does not reduce heart inflammatory infiltrates or vascularization {#sec004}
-----------------------------------------------------------------------------

An inflammatory response characterized by leukocyte infiltration and tissue remodeling constitutes an important feature of CCC. Resveratrol did not significantly alter the number of invading inflammatory cells infiltrating the heart ([S6A Fig](#ppat.1005947.s006){ref-type="supplementary-material"}), heart vascularization ([S6B Fig](#ppat.1005947.s006){ref-type="supplementary-material"}), or collagen content (measured by either 2^nd^ harmonic or tricolor Masson,[S6C and S6D Fig](#ppat.1005947.s006){ref-type="supplementary-material"}). A slight trend towards decreased number of infiltrating cells was found in RSV mice ([S6A Fig](#ppat.1005947.s006){ref-type="supplementary-material"}, P = 0.30, 20 heart sections analyzed from each of 10--13 mice per group).

Resveratrol activates the AMPK pathway, reduces parasite burden and heart oxidative stress {#sec005}
------------------------------------------------------------------------------------------

Because resveratrol activates AMPK activation to restore cardiac function in other models \[[@ppat.1005947.ref035], [@ppat.1005947.ref036]\], we assessed AMPK phosphorylation (Thr 172) in the ventricles of VEH versus RSV animals at 90 dpi. Treatment with resveratrol promoted a significant increase in phosphorylated AMPK (normalized to the total protein levels) compared to the VEH and NI groups ([Fig 3A](#ppat.1005947.g003){ref-type="fig"}), resulting in an increased p-AMPK/AMPK relation.

![Resveratrol activates AMPK phosphorylation, reduces oxidative stress and parasite burden in the hearts of chronically infected mice.\
Mice were infected with Colombian-strain and treated with either resveratrol (RSV) or vehicle (VEH) from 60--90 dpi. (A), Ventricle extracts were probed at 90 dpi with antibodies against constitutive proteins (total), AMPK and p-AMPK. Bars show pAMPK/total or pAMPK/AMPK, sum of three independent experiments (NI n = 9, VEH n = 8, RSV n = 9 hearts/ group). A.U. = arbitrary units. (B), Similar to A, SIRT1/total, sum of three independent experiments, n = 9 hearts per group. (C), SIRT1 de-acetylation activity in ventricle extracts (n = 5). (D) Mean fluorescence intensity (MFI) for H~2~DCFDA oxidation (green) in fresh heart explants. The probe was injected i.v. in live mice along with labeled anti-CD105 (red) and analyzed by confocal microscopy, n = 3 hearts per group. Scale bar = 100 μm. (E) Similar to D, mito-Sox oxidation (red).NI and RSV (n = 4), VEH (n = 5) hearts/ group. (F) Similar to A, SOD2/total, n = 12 hearts/ group. (G) Lipid peroxidation assessed by TBARs in individual plasma samples. NI (n = 4), VEH (n = 6), and RSV (n = 10) hearts per group. (H) Relative amount of parasites (TcS18) per host DNA (GADPH) in heart tissue. Results represent mean±SEM for NI n = 6, VEH n = 8, RSV n = 12 hearts/ group. \*, different from NI; §, different from VEH. P range: φ, P = 0.06; \* §, P≤0.05, \*\* §§, P\<0.01, \*\*\* §§§, P\<0.005](ppat.1005947.g003){#ppat.1005947.g003}

SIRT1 relative expression ([Fig 3B](#ppat.1005947.g003){ref-type="fig"}) and de-acetylase activity ([Fig 3C](#ppat.1005947.g003){ref-type="fig"}) were not significantly different among groups. These results suggest a SIRT1-independent effect of resveratrol, and in fact treatment of infected mice with resveratrol plus EX527, an specific SIRT1 inhibitor used as previously described \[[@ppat.1005947.ref037]\], was not able to reverse the significant benefits of resveratrol on ECG abnormalities ([S7 Fig](#ppat.1005947.s007){ref-type="supplementary-material"}). Together, these data support the notion that AMPK, but not SIRT1, is activated in response to resveratrol in CCC.

*T*. *cruzi* infection induces ROS production by cardiomyocytes \[[@ppat.1005947.ref014]\], a phenomenon that may cause cardiomyocyte death, or may act physiologically to produce electrical and pumping dysfunction. We assessed extravascular ROS production using in vivo CD105 (endothelial marker)/DCDFA labeling at 90 dpi. Extravascular ROS was increased in VEH group when compared to NI, while RSV had ROS levels below those found in NI mice ([Fig 3D](#ppat.1005947.g003){ref-type="fig"}). In vivo MitoSOX staining was significantly greater in VEH compared to NI mice ([Fig 3E](#ppat.1005947.g003){ref-type="fig"}). We observed a greater staining in VEH compared to RSV hearts (P = 0.06). RSV mice had increased heart expression of the mitochondrial enzyme SOD2, an AMPK-controlled enzyme \[[@ppat.1005947.ref038]\], compared with VEH mice ([Fig 3F](#ppat.1005947.g003){ref-type="fig"}). Mitochondrial oxidative stress has been previously suggested as a possible causative factor for chagasic heart dysfunction \[[@ppat.1005947.ref039], [@ppat.1005947.ref040]\] Treatment with resveratrol, in comparison with vehicle, greatly reduced lipid peroxidation in plasma, as assessed by thiobarbituric acid reactive substances (TBARs) ([Fig 3G](#ppat.1005947.g003){ref-type="fig"}). A sharp decrease in heart tissue parasitism was detected by quantitative PCR in RSV when compared with VEH mice at 90 dpi ([Fig 3H](#ppat.1005947.g003){ref-type="fig"}).

We assessed the expression of some proteins controlled by AMPK/SIRT1. Contrary to our expectations, there was an increase in p-ACC and GLUT4 in infected mice and resveratrol promoted a decrease towards non-infected levels ([S8 Fig](#ppat.1005947.s008){ref-type="supplementary-material"}), an effect probably due to resveratrol's remarkable effect of reducing parasite burden. We did not find any significant differences in PGC1α expression or cardiac ATP levels.

These results show that resveratrol activates the AMPK pathway and decreases parasite burden, together with reducing ROS production and lipid peroxidation.

Metformin and tempol decrease lipid peroxidation and improve heart function in CCC, but do not reduce parasite burden {#sec006}
---------------------------------------------------------------------------------------------------------------------

Because resveratrol activated AMPK phosphorylation and reduced ROS in our Chagas heart disease model, we tested whether activating AMPK or reducing ROS could mimic the beneficial effects of resveratrol on heart function.

Metformin (Met) is an AMPK activator and a cardioprotective drug \[[@ppat.1005947.ref041], [@ppat.1005947.ref042]\] and has indirect antioxidant activity, increasing the expression of antioxidant enzymes such as SOD2 \[[@ppat.1005947.ref038]\]. Tempol (Tmp) is a SOD-mimetic drug that efficiently neutralizes ROS \[[@ppat.1005947.ref043]\]. These drugs were administered daily by gavage. We also performed the usual i.p. treatment with RSV and respective VEH to allow a comparison of heart effects between RSV, Met, and Tmp.

Mice treated with Met or Tmp had decreased PR and QTc intervals and increased heart rates compared to peroral VEH ([Fig 4A](#ppat.1005947.g004){ref-type="fig"}). These results were similar to that obtained by treatment with RSV. Pre- and post-treatment profiles of individual mice are illustrated in [Fig 4B](#ppat.1005947.g004){ref-type="fig"} (\#1--9). Met decreased the percentage of arrhythmias and conduction disorders among infected mice: while 7/7 (100%) animals treated with vehicle presented sinus arrhythmia, sinoatrial block, intra-atrial/ interatrial block, and/ or second-degree atrioventricular block at 90 dpi, only 4/9 (44%, VEH x Met P = 0.03) among those treated with Met were positive.

![Effects of metformin and tempol on heart function, lipid peroxidation and parasite burden of chronically infected mice.\
Infected mice were treated with peroral metformin (Met), tempol (Tmp), or oral vehicle (VEH) from 60--90 dpi. Infected mice treated i.p. with resveratrol (RSV) or vehicle (VEH) were kept as controls, as well as non-infected mice. Heart function, oxidative damage and parasite burden were assessed at 90 dpi. (A) heart rate, PR interval, P duration, QRS duration, QTc interval. Mice per group: NI (n = 11), VEH (n = 7), Met (n = 9), Tmp (n = 9). Met are representative of 2 similar experiments. (B) Pre- and post-treatment ECG tracings. Picture illustrate the reversion of abnormalities in Met and Tmp, but not in VEH group, in three individual mice from each group (\#1--9). (C) Left ventricle ejection fraction (LVEF), stroke volume, right ventricle area (RV area); left ventricle area (LV area). Mice per group: NI (n = 10), VEH (n = 8), Met (n = 9), Tmp (n = 8). (D), Lipid peroxidation (TBARs) in heart extracts. Mice per group: NI (n = 3), VEH (n = 3), Met (n = 7--9), Tmp (n = 8).(E) Relative amount of parasites (TcS18) per host DNA (GADPH) in individual heart tissue. Mice per group: NI (n = 6), VEH (n = 5), Met (n = 6), Tmp (n = 5). \*, different from NI; §, different from VEH, \#, different from oral VEH. P range: \* § \#, P≤0.05, \*\* §§ \#\#, P\<0.01, \*\*\* §§§ \#\#\#, P\<0.005](ppat.1005947.g004){#ppat.1005947.g004}

Treatment with either Met or Tmp also restored a normal LVEF ([Fig 4C](#ppat.1005947.g004){ref-type="fig"}) and Tmp significantly increased stroke volume and cardiac output when compared to peroral VEH. The results obtained with Tmp were similar to that obtained by treatment with RSV. Tmp also significantly reduced right ventricle dilation ([S9 Fig](#ppat.1005947.s009){ref-type="supplementary-material"}). Importantly, Met and Tmp reduced lipid peroxidation of heart samples ([Fig 4D](#ppat.1005947.g004){ref-type="fig"}), but did not alter heart parasite burden ([Fig 4E](#ppat.1005947.g004){ref-type="fig"}).

Though mimicking the results obtained with RSV using Met or Tmp does not actually demonstrate that RSV acted in the same way the other drugs did, it indicates that AMPK activation and SOD mimetic activity can be exploited as therapeutic strategies in Chagas heart disease. Taken together, these results suggest that reducing ROS is sufficient to improve heart function in CCC, while decreasing parasite burden is not required to improve heart function.

Discussion {#sec007}
==========

The several attempts to treat CCC with trypanocidal drugs have produced inconsistent results, despite reductions in parasite load. Infected mice have been studied pre- and post-treatment with benznidazole \[[@ppat.1005947.ref018]\]: treatment eliminated the parasite and prevented to a small extent the prolongation of the PR interval over time, but by the end of the study, benznidazole-treated mice offered no improvements over controls. A study of infected rats treated with benznidazole found no improvement of heart function analyzed by catheterism \[[@ppat.1005947.ref015]\]. In human CCC, an attempt to reduce parasite load with benznidazole cured heart disease in some cases \[[@ppat.1005947.ref019]\], but not in another study \[[@ppat.1005947.ref020]\]. The recent results of the BENEFIT trial of benznidazole at the chronic phase show that despite greatly reducing parasite burden, it does not affect cardiac deterioration \[[@ppat.1005947.ref021]\]. These results reinforce the notion that heart pathology and parasite burden have a loose association at the chronic stage and discourage the trypanocidal strategy against disease. Here, we show that resveratrol improves heart function (a diagrammatic illustration of its heart function effects in CCC is shown in [Fig 5](#ppat.1005947.g005){ref-type="fig"}) and reduces heart parasite burden. Nevertheless, we believe that instead of acting primarily by reducing parasite burden to improve heart function, resveratrol acted as an antioxidant. Different from resveratrol, trypanocidal drug benznidazole failed to restore heart pumping function. Moreover, both metformin (AMPK activator) and tempol (SOD-mimetic) improved heart function and decreased lipid peroxidation, but did not change parasite burden. These findings support raising disease tolerance as an effective strategy against CCC, as long as the parasite burden is kept low in order to avoid a rebound.

![Diagrammatic illustration of the effects of resveratrol on established Chagas heart disease.\
Treatment with resveratrol, an AMPK activator (metformin), or a ROS scavenger (tempol) were capable of ameliorating cardiac function in Chagas disease. The drugs reduced the incidence of sinus arrhythmia (SA), atrial abnormalities, intra-atrial and interatrial block (AIb), sinoatrial block (SAb), second-degree atrioventricular block (AVb2), reduced the QT and PR intervals, increased the heart rate, increased ejection fraction (EF), stroke volume (SV), and cardiac output (CO). The 3D ECG tracing was chosen from a mouse before and after treatment with resveratrol.](ppat.1005947.g005){#ppat.1005947.g005}

We have previously shown that oxidative stress fuels acute *T*. *cruzi* infection in mice \[[@ppat.1005947.ref024]\], promoting parasitism in heart and macrophages. In that previous study, resveratrol was able to reduce acute parasitemia and macrophage parasite burden. Here we show that at the chronic phase of infection, resveratrol, AMPK-activator metformin and SOD-mimetic tempol reduce lipid peroxidation, a measure of oxidative stress, but only resveratrol reduces heart parasite burden. We believe that at this stage of infection, oxidative stress caused by respiratory burst in macrophages is no longer a significant factor promoting *T*. *cruzi* infection in mice. In fact, resveratrol was recently demonstrated to have a direct trypanocidal effect \[[@ppat.1005947.ref044]\], and therefore any of its host-dependent antioxidant effects can be dispensed with to explain the reduction of heart parasite burden it promoted.

Exercise and a healthy diet remain the cornerstones of prevention and treatment of heart disease. Some drugs mimic the effects of diet and exercise by triggering signals that resemble those seen with reduced ATP levels and activating the phosphorylation of AMPK. By doing so, these drugs protect the heart \[[@ppat.1005947.ref003]\]. Here, we show that treatment with one of these drugs, resveratrol, also promoted phosphorylation of AMPK in the hearts of infected mice, suggesting that AMPK activation is likely to be one of the cardioprotective mechanisms in this case \[[@ppat.1005947.ref003]\]. Consistently, metformin, an indirect AMPK activator \[[@ppat.1005947.ref045]\], mimicked most of the effects of resveratrol on heart electrical function and its effects on ejection fraction. SOD2, an AMPK-controlled mitochondrial antioxidant enzyme \[[@ppat.1005947.ref038]\], was found to be significantly increased by treatment with resveratrol and general SOD-mimetic tempol was able to mimic resveratrol's effects on heart function. These results indicate that the AMPK-pathway and its effects on oxidative stress are a likely target to resveratrol, though not the only one. Future studies are required to define the exact mechanism by which resveratrol promotes its beneficial effects in Chaga's Disease. Resveratrol is a multitarget drug that besides activating AMPK pathway \[[@ppat.1005947.ref004]\], interacts directly with 20 proteins \[[@ppat.1005947.ref046]\]: it activates Nrf2 gene \[[@ppat.1005947.ref047]\], has a direct antioxidant effect and is a PDE4 inhibitor \[[@ppat.1005947.ref048]\], and it is likely that its heart effects in chronic Chagas disease depend on several of these mechanisms.

Our results showed that in infected, vehicle treated mice, there was an increase in phosphorylation of ACC that did not depend on AMPK activation. Although in normal heart resveratrol promotes an increase in phosphorylation of ACC \[[@ppat.1005947.ref036]\], in this case, it worked to prevent the increase in p-ACC promoted by infection. A similar situation seemed to happen to GLUT4, a gene controlled by AMPK activation and similarly increased in infected vehicle and resveratrol-treated mice. We do not know the reasons for these surprising findings, but we believe infection activates ACC phosphorylation through a pathway other than AMPK while resveratrol reduces the activity of this pathway by reducing the parasite burden. We also did not expect the effects of resveratrol to be independent of SIRT1 activation, but AMPK is known to be activated by high doses of resveratrol independently of SIRT1 \[[@ppat.1005947.ref049]\].

The association between ROS production and heart disease is well known. Here we show that antioxidants resveratrol and tempol reduced oxidative stress and improved heart function in established Chagas heart disease. Neither AMPK activators nor antioxidants have previously been tried as a therapy for established Chagas heart disease. In a previous study, antioxidant phenyl-tert-butyl-nitrone was administered before infection (starting at day 0) until the chronic phase, preventing the establishment of functional Chagas heart disease in rats \[[@ppat.1005947.ref015]\]. Although that study bears similarities to ours, indicating a role for ROS in heart functional damage, no treatment has been shown to reverse established Chagas heart disease until now. Because trypanocidal therapy is only effective during acute stage but diagnosis usually occurs during the chronic disease stage, strategies to reverse established heart disease are welcome, while new strategies to prevent its progression have few applications. Our data indicate that reduction of oxidative stress likely represents a viable therapeutic strategy in CCC, for which there are currently no effective therapies. The mechanisms by which ROS causes cardiac dysfunction in Chagas heart disease are now unclear.

The improvement in cardiac function observed in chronically infected mice after treatment with resveratrol challenges the current paradigm about Chagas disease pathogenesis. It is currently believed that the cumulative tissue damage caused by infection and inflammation breaks the functional structure of the heart, and can only be reversed by replacing cardiac tissue with stem cells. Previous reports show that some combinations of *T*. *cruzi* strains and mice fail to alter ECG recordings, while presenting as much inflammatory infiltrates/ tissue disorganization as combinations that do alter ECG recordings. These findings indicate that functional disease does not easily correlate with tissue damage \[[@ppat.1005947.ref050]\]. We showed here that reversal of heart dysfunction was not associated with decreased inflammatory infiltrates, while others found that antioxidant-induced prevention of heart dysfunction did not alter inflammatory infiltrates \[[@ppat.1005947.ref015]\]. We hypothesize that there are two overlapping heart dysfunctions in CCC: one that is merely physiological and easily reversible and another that is structural, involves inflammatory infiltrates, cell death and extensive tissue remodeling. Oxidative stress probably underlies both dysfunctions. Based on our data, we speculate that heart cells react to chronic infection/ inflammation with changes in physiology that lead to high ROS production. The heart disease that follows is somewhat similar to that found in other ROS-related cardiomyopathies. Our results show that despite all the tissue damage found in established Chagas heart disease, the physiological impairment affecting the heart is still reversible and the heart function can be significantly improved, offering a new therapeutic opportunity to millions of patients suffering from Chronic chagasic cardiomyopathy worldwide.

Our study has some limitations and in order to overcome them and translate our study into a clinical trial, we still plan to perform a full study of cardiac function after resveratrol treatment, approaching the following questions: (1) oral treatment with extended bioavailability, using co-administration of glucuronidation inhibitor piperine, \[[@ppat.1005947.ref051]\]; (2) treatment interruption and analysis after various intervals; (3) extended treatment (until 200 dpi); (4) treatment of chronic chagasic mice infected by other *T*. *cruzi* strains.

Our results show resveratrol reverses important aspects of this heart dysfunction: shortens QTc, an independent risk factor for sudden cardiac arrest; reverses atrial and atrioventricular conduction disorders, risk factors for cardiovascular mortality; and restores ejection fraction, a major contributor to morbidity \[[@ppat.1005947.ref022], [@ppat.1005947.ref030]\]. In addition, resveratrol greatly decreases heart parasite burden, reducing concerns of infection rebound. As resveratrol is considered a food supplement to most health agencies, such as US Food and Drug Administration, we believe that resveratrol is a suitable candidate to human trials in a very near future, targeting B1-B2 clinical stage of CCC.

Materials and Methods {#sec008}
=====================

The complete procedures for electrocardiography, histopathological studies, SIRT1 deacetylase activity, ATP dosage, lipid peroxidation, quantitative Polymerase Chain Reaction (qPCR) for parasite detection, western blot, ex-vivo heart confocal microscopy for ROS and vessels, and second-harmonic generation for collagen detection are described on an online appendix.

Ethics statement {#sec009}
----------------

This study was carried out in strict accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the Brazilian National Council of Animal Experimentation (<http://www.cobea.org.br/>) and Federal Law 11.794 (October 8, 2008). The institutional Committee for Animal Ethics of UFRJ (CEUA, Licenses IMPPG029 e IMPPG032.) and Fiocruz (Licenses 004/09 and LW10-14) approved all the procedures used in this study.

Mice {#sec010}
----

Female or male BALB/c mice (5--7 weeks of age) obtained from the animal facilities (CECAL) of the Oswaldo Cruz Foundation (Fiocruz, Rio de Janeiro, Brazil) and Universidade de São Paulo, Brazil were kept in a sterile environment under standard conditions (temperature and relative humidity of approximately 22 ± 2°C and 55 ± 10%, respectively) and received food and water *ad libitum*. Mice were individually identified by ear tags.

Infection and mice treatment {#sec011}
----------------------------

Mice were infected intraperitoneally (i.p.) with 10^2^ blood trypomastigote forms of the type I Colombian strain of *T*. *cruzi*. Treatments were performed daily for 30 days from the establishment of CCC (60 dpi) by i.p. injection of 15 mg.kg^-1^ trans-resveratrol (Sigma, 10% ethanol/PBS), vehicle (10% ethanol/PBS), 5 mg.Kg^-1^ EX527 (0.1% DMSO, Sigma), or peroral administration of 40 mg.Kg^-1^ resveratrol (10%ethanol-PBS), 500 mg.kg^-1^ metformin (Merck, dissolved in water), 100 mg.kg^-1^ tempol (Sigma, dissolved in water), benznidazole (Rochagan, 25 mg/Kg, dissolved in water) and vehicle (water or 10%ethanol-PBS).

Electrocardiography (ECG) {#sec012}
-------------------------

Mice were sedated with diazepam (10 mg/kg) and transducers were placed subcutaneously (DII derivation). The traces were recorded for 2 minutes using the digital Power Lab 2/20 or Power Lab 4/35 Systems connected to a bio-amplifier (PanLab Instruments, Spain). The filters were standardized to 0.1-100Hz and the traces were analyzed with Scope for Windows (V3.6.10, PanLab instruments). Further details are provided in Online Methods. The assessment of P wave duration and incidence of conduction disorders required large numbers of mice to provide a valid statistical analysis.

Transthoracic echocardiography (echo) {#sec013}
-------------------------------------

Echo was performed under deep isoflurane anesthesia (2% in oxygen). Mice were trichotomized in the precordial region using depilatory cream and examined under a 30 Mhz transducer with a Vevo 770 Ultrasound apparatus (Visual Sonics, Canada). The left ventricle ejection fraction (LVEF) was calculated using Simpson's method, chosen because of its fit with CD heart geometry and because it is commonly used to assess CD patients. The area of the left and right ventricles during diastoles and systoles were obtained in B mode using a short axis view at the level of the papillary muscles.

Statistical analyses {#sec014}
--------------------

Most of the comparisons between means ± SEMs were made using unpaired Student's t tests (two groups) or one-way ANOVA with Newman-Keuls post-test (multiple groups), except for pre versus post analyses, in which we used paired Student's t tests. The comparison between the incidences of arrhythmia across groups was calculated using Fisher's exact t test. Differences with a p-value \<0.05 were considered significant and significant p-values are shown in the figures next to the compared groups.

Supporting Information {#sec015}
======================

###### Cardiac function of infected non-treated and infected vehicle-treated mice do not differ.

(A), ECG intervals at 90 dpi for non-infected (NI), infected non-treated (NT), or (VEH)-treated mice. (B) Left ventricle ejection fraction (LVEF), left ventricle stroke volume, cardiac output; (C) right ventricle area (RV area), left ventricle area (LV area). NI (n = 4), NT (n = 5), VEH (n = 6), representative of two independent experiments. Error bars indicate mean±SEM. \*, different from NI. P range: \*, P≤0.05, \*\*, P\<0.01, \*\*\*, P\<0.005.

(TIF)

###### 

Click here for additional data file.

###### Electrical cardiac function of infected mice treated by peroral or intraperitoneal route with vehicle or resveratrol. Mice were treated from 60--90 dpi with resveratrol or vehicle through either intraperitoneal (15 mg/Kg) or peroral (40 mg/Kg)

routes. ECG intervals at 90 dpi for noninfected (NI), infected peroral vehicle-treated (VEH p.o.), infected peroral resveratrol-treated (RSV p.o.), infected intraperitoneal vehicle-treated (VEH i.p.), infected intraperitoneal resveratrol-treated mice (RSV i.p.) NI (n = 9), VEH p.o. (n = 8), RSV p.o. (n = 4), VEH i.p. (n = 4), RSV i.p. (n = 5). Error bars indicate mean±SEM. \*, different from NI; §, different from respective VEH. P range: \* §, P≤0.05, \*\* §§, P\<0.01, \*\*\*, P\<0.001

(TIF)

###### 

Click here for additional data file.

###### Resveratrol affects ECG recordings after a latency period, and once its effects are established, they can be maintained for long periods.

(A), ECG intervals before and 20 h after treatment of infected mice (60 dpi) with vehicle (VEH) or resveratrol (RSV). Mice per group: NI (n = 5), VEH (n = 10), and RSV (n = 10). (B), ECG intervals before (60 dpi) and throughout treatment (90 dpi, 120 dpi) of infected mice with vehicle or resveratrol. Mice per group: NI (n = 4--10), VEH (n = 4--10), RSV (n = 8--10). A physiological zero was adopted on the Y axis (lowest value found by us in mice). The Pvalue was calculated using ANOVA to compare groups at 120 dpi. Error bars indicate mean±SEM. \*, different from NI; §, different from VEH. P range: §, P≤0.05, \*\*, P\<0.01, \*\*\*, P\<0.005

(TIF)

###### 

Click here for additional data file.

###### Resveratrol affects heart geometry in infected mice.

\(A\) *Upper panel*: echocardiography comparing heart geometry between non-infected (NI) and infected (INF) mice at 60 dpi (before treatment). Left ventricle area, right ventricle area and left ventricle diastolic volume. NI (n = 4), INF (n = 14), pooled from two independent experiments. *Lower panel*: at 90 dpi (after treatment): similar heart geometry parameters are shown for infected mice treated with vehicle (VEH, n = 20) or resveratrol (RSV, n = 20) or non-infected mice (NI, n = 23), pooled from three independent experiments. (B) Similar parameters shown for mice treated from 120 to 160 dpi, at 170 dpi. NI (n = 5), VEH (n = 5), RSV (n = 7), Bzd (n = 6). \*, different from NI; §, different from VEH. P range: \* §, P≤0.05, \*\*\* §§§, P\<0.005

(TIF)

###### 

Click here for additional data file.

###### Resveratrol improves heart electrical cycle late after infection is established.

Infected mice were treated with either resveratrol (RSV) or vehicle (VEH) from 120--160 dpi and their heart electrical function was assessed by ECG at 170 dpi. NI (n = 5), VEH (n = 5), RSV (n = 7). Error bars indicate mean±SEM. \*, different from NI; §, different from VEH. P range: \*, § P≤0.05, \*\* §§, P\<0.01.

(TIF)

###### 

Click here for additional data file.

###### Resveratrol has little effect on the histological structure of the heart in CCC.

Heart histology was assessed 30 days after treatment of infected mice with either vehicle or resveratrol (at 90 dpi). (A) H&E heart slides and graph showing inflammatory infiltrates in the hearts of infected vehicle (VEH)- or resveratrol (RSV)-treated mice. No differences were found among ventricles. Hearts per group: NI (n = 8), VEH (n = 13), and RSV (n = 10), pooled from 2 independent experiments. (B) Confocal microscopy of fresh heart explants from mice injected in vivo with labeled anti-CD105 to reveal blood vessels, n = 3 hearts / group. (C) 2^nd^ harmonic imaging microscopy of fixed heart explants to reveal collagen (green) and structural myocardium proteins (red). Interstitial collagen was estimated from these images. Hearts per group: NI (n = 3), VEH (n = 5) and RSV (n = 5). (D) 3-color Masson was used to reveal interstitial collagen in left ventricle. No significant differences were found among VEH and RSV ventricles. n = 9 hearts / group. Error bars indicate mean±SEM. \*, different from NI. P range: \*\*, P\<0.01, \*\*\*, P\<0.005.

(TIF)

###### 

Click here for additional data file.

###### SIRT1-inhibitor EX527 does not prevent resveratrol effects on heart electrical cycle.

Infected mice were treated with either resveratrol (RSV) or vehicle (VEH) from 60--90 dpi and their heart electrical function was assessed by ECG at 90 dpi. NI (n = 5), VEH (n = 5), RSV (n = 7). Error bars indicate mean±SEM. NI n = 11, VEH n = 10, RSV n = 13, EX527+RSV n = 9. \*, different from NI; §, different from VEH. P range: \*, § P≤0.05, \*\* §§, P\<0.01, \*\*\*, P\<0.005.

(TIF)

###### 

Click here for additional data file.

###### Resveratrol promotes a non-infected pattern of key proteins in heart metabolism.

\(A\) Ventricle extracts were probed 30 days after treatment of infected mice (with either vehicle or resveratrol) with antibodies against ACC (ACC2 is the top band), p-ACC, and constitutive control (total). Results are shown for ACC2. Sum of three independent experiments (n = 9 hearts per group). (B) Similar to (A), individual ventricle extracts were probed for PGC1α (top band). Hearts per group: NI n = 5, VEH n = 6, RSV n = 6 (sum of two independent experiments) or (C) GLUT4 (n = 3 hearts per group). (D) ATP amounts in ventricle extracts. Pooled from two independent experiments (NI n = 5, VEH n = 6, RSV n = 5 hearts per group). Error bars indicate mean±SEM. \*, different from NI; §, different from VEH. P range: \*, § P≤0.05.

(TIF)

###### 

Click here for additional data file.

###### SOD-mimetic tempol affects heart geometry in infected mice.

Infected mice were treated with peroral metformin (Met), tempol (Tmp), or oral vehicle (VEH) from 60--90 dpi. Infected mice treated i.p. with resveratrol (RSV) or vehicle (VEH) were kept as controls, as well as non-infected mice. Left ventricle area, right ventricle area and left ventricle diastolic volume. Mice per group: NI (n = 11), VEH (n = 7), Met (n = 9), Tmp (n = 9). Met are representative of 2 similar experiments. \*, different from NI; §, different from VEH, \#, different from oral VEH. P range: \*, P≤0.05, \*\*, P\<0.01, \*\*\* §§§ \#\#\#, P\<0.005

(TIF)

###### 

Click here for additional data file.

###### Online Methods.

(DOCX)

###### 

Click here for additional data file.
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